increasing media osmolarity. This increase was mediated at least in part through activation of the JNK SAPK pathway. Doxycycline, an agent used to treat MMP-mediated ocular surface disease, inhibited the hyperosmolarity-induced MMP production and JNK activation. The relevance of these findings to stimulated production of MMPs by the elevated tear osmolarity in dry eye remains to be determined. I nvestigation of osmotic stress in mammalian tissues has been focused primarily on the kidney, but increasing evidence suggests that osmotic stress, caused by altered extracellular osmolarity, is a highly relevant challenge to normal cell function in a variety of other tissues, including human bronchial epithelial cells, 1, 2 peripheral blood mononuclear cells, 3 and the corneal epithelium. 4 Hyperosmolarity has been reported to increase significantly the production of inflammatory cytokines such as interleukin (IL)-1 and chemokines such as IL-8 in human peripheral blood leukocytes 3 and bronchial epithelial cells. 1 On the ocular surface, the tear fluid serves as the major source of hydration, and it plays a protective role against bacterial infection and physicochemical insults. 5 Dry eye, a common disease that affects approximately 7 million Americans, develops from decreased tear secretion or excessive tear evaporation that results in a hyperosmolar tear film. 6 Chronic dry eye has been demonstrated to cause inflammation, evidenced by an increase in proinflammatory cytokines and chemokines in the tear fluid, increased expression of immune activation and adhesion molecules (HLA-DR and intercellular adhesion molecule ) by the conjunctival epithelium, and an increased number of T lymphocytes in the conjunctiva. [7] [8] [9] [10] The importance of inflammation in the pathogenesis of the ocular surface disease of dry eye, termed keratoconjunctivitis sicca (KCS), is underscored by the clinical improvement obtained with anti-inflammatory agents such as cyclosporine A, corticosteroids, and doxycycline. 11 Von Bahr 12 was the first to suggest (in 1941) that tear film osmolarity is dependent on tear secretion and evaporation and that decreased secretion would lead to increased osmolarity. Balik 13 appears to have been the first to suggest (in 1952 ) that the corneal and conjunctival changes in KCS could be explained on the basis of an increased "concentration of sodium chloride" in the tear film, but he was unable to demonstrate this increase. Approximately 2 decades later, Tumbar et al. 14 evaluated tear osmolarity in six eyes with KCS and found an elevation of approximately 25 mOsM/L.
14 Subsequent studies also reported significantly increased tear fluid osmolarity in patients with KCS, with peak osmolarities of approximately 450 mOsM. 15, 16 Based on its sensitivity and specificity, tear osmolarity was proposed as a gold standard diagnostic test for dry eye by Farris 17 at the 1st International Conference on the Lacrimal Gland, Tear Film and Dry Eye in 1992. Elevated tear film osmolarity, associated with decreased corneal glycogen and reduced conjunctival goblet cell density, was found in short-and long-term rabbit models of dry eye. 18, 19 The use of sodium hyaluronate eye drops with pronounced hypotonicity had greater therapeutic effects on the severity of Sjögren'ssyndrome-associated KCS than did isotonic solutions. 20 However, the pathogenic effects of increased osmolarity on the ocular surface have not been consistently demonstrated. Bathing the corneal epithelium with solutions with osmolarities of up to 425 mOsM/L, similar to levels that are encountered in dry eye, was not sufficient in itself to increase the cell-shedding rate. 21 Hypo-osmolar artificial tears were reported to be less comfortable than iso-osmolar tears in patients with KCS. 22 Studies showing lack of strong correlation between objective measures of ocular surface disease and eye irritation symptoms suggest that a gold standard for diagnosis for dry eye has yet to be identified. 23 Thus, although the elevated tear osmolarity in dry eye has been recognized for decades, there is still a mystery regarding the role of tear hyperosmolarity in the pathogenesis of the ocular surface disease of dry eye, and whether it may cause inflammation, epithelial disease, and irritation symptoms.
Matrix metalloproteinases (MMPs) are a family of zinc-dependent extracellular endoproteinases. To date, at least 23 MMP genes have been identified in humans. They can be classified into six groups on the basis of their substrate specificity: gelatinases, collagenases, stromelysins, matrilysins, membrane-type MMPs, and others. MMPs play a central role in tissue remodeling, wound healing, angiogenesis, and many diseases, including ocular surface diseases such as dry eye (for reviews, see Refs. 24 -26) . MMPs participate in tissue remodeling during inflammation, [27] [28] [29] [30] [31] and also promote inflammation by cleavage of the precursors of pro-inflammatory factors-for example, IL-1, and tumor necrosis factor (TNF)-␣ 32,33 and latent proMMPs 34 -36 -into their active forms. In addition, cytokines and growth factors, such as IL-1, IL-6, TNF-␣, platelet-derived growth factor (PDGF), and transforming growth factor (TGF)-␤, stimulate the production of a variety of MMPs, including gelatinases (MMP-2 and -9), collagenases (MMP-1 and -13), and stromelysins (MMP-3 and -10). [37] [38] [39] [40] [41] Increased levels of IL-1, MMP-3, and MMP-9 in the tear fluid have been observed in patients with KCS. [42] [43] [44] [45] The highest levels of MMP-9 were detected in the tear fluid of patients with severe KCS and sterile corneal ulceration. 9 The mechanism by which MMP production is stimulated by the ocular surface stress of dry eye has not been determined; however, activation of cell-signaling pathways that regulate production of these proinflammatory factors by hyperosmolar stress must be considered.
The mitogen-activated protein kinases (MAPKs) are wellconserved signaling pathways that include extracellular-signalregulated kinases (ERK), c-Jun N-terminal kinases (JNKs), and p38 MAPK. JNKs are also known as stress-activated protein kinases (SAPKs) for their response to a variety of stressors. 46 -48 JNK is the major enzyme that phosphorylates the transcription factor c-Jun, which serves as an essential regulatory step for the control of transcriptionally active c-Fos/c-Jun heterodimers. 46 Thus, activated MAPKs initiate a cascade of protein phosphorylation involving multiple other kinases and activate nuclear transcription factors such as AP-1 and ATF, 49 -51 which stimulate expression of inflammatory cytokines such as IL-1, TNF-␣, and IL-8 2, 3 and MMPs such as MMP-1, -9, and -13.
52,53 JNK activation has been reported in osmotically shocked cells. 47 However, the linkage between induction of MMP production and activation of JNK that follows hyperosmotic stress has not been established.
We hypothesize that hyperosmotic stress may cause inflammation in corneal epithelial cells by activating MAPK signaling pathways in human corneal epithelial cells. The present study was undertaken to test this hypothesis by evaluating the expression and regulation of MMPs and activation of JNK-signaling pathway by hyperosmotic stress in primary cultured human corneal epithelial cells. The purpose of this study was to determine whether there is a link between hyperosmolar stress and the production of the proinflammatory factors by the corneal epithelium that have been detected on the ocular surface of dry eyes.
MATERIALS AND METHODS
Cell culture dishes, plates, centrifuge tubes, and other plastic ware were purchased from BD Biosciences (Lincoln Park, NJ), polyvinylidene difluoride (PVDF) membranes were from Millipore (Bedford, MA), and polyacrylamide gels and sodium dodecyl sulfate (SDS) were from Bio-Rad (Hercules, CA). Dulbecco's modified Eagle's medium (DMEM), Ham's F-12, amphotericin B, gentamicin, and DNA size markers were from Invitrogen-Gibco (Grand Island, NY). Fetal bovine serum (FBS) was from Hyclone (Logan, UT). SB202190 was from Calbiochem-EMD Biosciences, Inc. (San Diego, CA). Protease inhibitor cocktail tablets were from Roche Applied Science (Indianapolis, IN). A protein assay kit (Micro BCA) was from Pierce Chemical (Rockford, IL). Enhanced chemiluminescence (ECL) reagents were from Amersham (Piscataway, NJ). Rabbit polyclonal antibody against JNK and horseradishperoxidase-conjugated goat anti-rabbit IgG were from Cell Signaling Technology (Beverly, MA), rabbit antibody against phosphorylated JNK (p-JNK) was from Santa Cruz Biotechnology (Santa Cruz, CA), and rabbit antibody against phosphorylated c-jun (p-c-jun) and a cell-signaling assay kit (Beadlyte) were from Upstate Biotechnology (Lake Placid, NY). Sorbitol-treated PC12 cell extracts used as a positive control for p-JNK were from Promega (Madison, WI). Enzyme-linked immunosorbent assay (ELISA) kits for human MMP-9, -1, -13, and -3 were from R&D Systems (Minneapolis, MN). The RNA-PCR kit (GeneAmp) was from Applied Biosystems (Foster City, CA). Doxycycline, dexamethasone, and all other chemicals and reagents were from Sigma-Aldrich (St. Louis, MO).
Primary Cultures of Human Corneal Epithelial Cells
Human corneoscleral tissues, which did not meet the criteria for clinical use, from donors aged 16 to 59 years were obtained from the Lions Eye Bank of Texas (Houston, TX). Corneal epithelial cells were grown from limbal explants by using a previously described method 40, 43 with modifications. In brief, after carefully removal of the central cornea, excess sclera, iris, corneal endothelium, conjunctiva and Tenon's capsule, the remaining limbal rim was cut into 12 equal pieces (approximately 2 ϫ 2 mm each). Two pieces with epithelium side up were directly placed into each well of six-well culture plates, and each explant was covered with a drop of FBS overnight. The explants were then cultured in supplemented hormonal epithelial medium (SHEM) medium, which was an 1:1 mixture of DMEM and Ham's F12, containing 5 ng/mL EGF, 5 g/mL insulin, 5 g/mL transferrin, 5 ng/mL sodium selenite, 0.5 g/mL hydrocortisone, 30 ng/mL cholera toxin A, 0.5% dimethyl sulfoxide (DMSO), 50 g/mL gentamicin, 1.25 g/mL amphotericin B, and 5% FBS, at 37°C under 5% CO 2 and 95% humidity. The medium was renewed every 2 to 3 days. The epithelial phenotype of these cultures was confirmed by characteristic morphology and immunofluorescent staining with cytokeratin antibodies (AE-1/AE-3).
Cell Treatment
Subconfluent corneal epithelial cultures (grown for 12-14 days, approximately 4 -5 ϫ 10 5 cells/well) were washed three times with PBS and switched to a serum-free medium (SHEM without FBS) for 24 hours before treatment. For gelatin zymography and MMP ELISA, the corneal epithelial cells were cultured for an additional 24 hours in an equal volume (1.4 mL/well) of serum-free media with a different osmolarity, ranging from 312 to 500 mOsM which was achieved by adding 0, 30, 50, 70, or 90 mM sodium chloride (NaCl), with or without SB202190 (20 M), an inhibitor of the JNK pathway; dexamethasone (1 M); or doxycycline (10 g/mL), which was added 40 minutes before adding NaCl. The conditioned media were then collected and centrifuged, and the supernatants were stored at Ϫ80°C before use. For Western blot, the cultures were treated with the same conditions as just described, but for a shorter time, ranging from 5 to 60 minutes. The adherent cells were lysed in RIPA buffer containing 50 mM Tris-HCl, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 2 mM sodium fluoride, 2 mM EDTA, 0.1% SDS, and protease inhibitor cocktail. The cell extracts were centrifuged at 12,000g for 15 minutes at 4°C, and the supernatants were store at Ϫ80°C before use. The total protein concentrations of the conditioned media and cell extracts were determined by bicinchoninic (BCA) protein assay (Micro BCA; Pierce Biotechnology). For gene expression, cultures that received the same treatments for 6 hours were lysed in 4 M guanidium solution and subjected to total RNA extraction. These experiments were performed at least three times on each of three separate sets of cultures that were initiated from different donor corneas.
Gelatin Zymography
To measure the production and activity of gelatinases in the conditioned media from corneal epithelial cultures receiving various treatments, gelatin zymography was performed using a previously reported method. 40, 43 Briefly, 8 to 10 L of each supernatant of the conditioned medium was used, and the volume was adjusted to contain the same quantity of protein (5 g). The media supernatants were mixed with an equal volume of 2ϫ SDS-PAGE sample buffer without boiling or reduction. Samples were fractionated in an 8% polyacrylamide gel containing gelatin (0.5 mg/mL) by electrophoresis at 100 V for 90 minutes at 4°C. The gels were soaked in 0.25% Triton X-100 for 30 minutes at room temperature (RT) to remove the SDS and incubated in a digestion buffer (50 mM Tris-HCl [pH 7.4], 150 mM NaCl, 10 mM CaCl 2 , 2 M ZnSO 4 , and 0.001% Brij-35) containing 5 mM phenylmethylsulfonyl fluoride (PMSF), a serine protease inhibitor, at 37°C overnight, to allow proteinase digestion of the substrate. The gels were stained with 0.25% Coomassie brilliant blue R-250 in 40% isopropanol for 2 hours and destained with 7% acetic acid. Gelatinolytic activities appeared as clear bands of digested gelatin against a dark blue background of stained gelatin.
Matrix Metalloproteinase ELISA
Double sandwich ELISAs for human MMP-9, -1, -13, and MMP-3 were performed using kits from R&D Systems, as previous reported. 40, 41 In brief, 100 L of assay buffer and 100 L of standard dilutions of recombinant human MMP-9, -1, -13, or -3 or culture-conditioned media were dispensed into wells of a 96-well plate coated with anti-MMP-9, -1, -13, or -3 monoclonal antibody, respectively. After incubation at RT for 2 hours and four washes, 200 L of rabbit anti-MMP-9, -1, -13, or -3 conjugate with horseradish peroxidase was added to each well and incubated at RT for 2 hours. Aliquots of 200 L of the color reagent 3,3Ј,5,5Ј-tetramethylbenzidine (TMB) were then applied for 20 to 30 minutes to develop a blue color, and the reaction was stopped by adding 50 L of 1 M H 2 SO 4 . Absorbance was read at 450 nm by a microplate reader (Versamax; Molecular Devices, Sunnyvale, CA) with a reference wavelength of 570 nm.
Western Blot Analysis
Western blot was performed with a previously described method 54, 55 with modification. The cell extract samples (50 g/lane) were mixed with 6ϫ SDS reducing sample buffer and boiled for 5 minutes before loading. Proteins were separated by SDS polyacrylamide gel electrophoresis and transferred electronically to PVDF membranes. The membranes were blocked with 5% nonfat milk in TTBS (50 mM Tris [pH 7.5], 0.9% NaCl 2 , and 0.1% Tween-20) for 1 hour at RT, and then incubated 2 hours at RT with a rabbit antibody against JNK (1:1000), p-JNK (1:100), or p-c-Jun (1:1000). The membranes were washed with TTBS and then incubated for 1 hour at RT with horseradish-peroxidase-conjugated goat anti-rabbit IgG (1:2000 dilution). After the membranes were washed four times, the signals were detected with an enhanced chemiluminescence reagent and imaged (model 2000R; Eastman Kodak, New Haven, CT).
Cell-Signaling Assay
The levels of phosphorylated (p-JNK1) and total JNK1 were also measured with a cell-signaling assay (Beadlyte Cell Signaling Assay; Upstate Biotechnology). This sensitive assay is a fluorescent bead-based sandwich immunoassay. In brief, cells cultured in normal (312 mOsM) and hyperosmolar (350 -500 mOsM) media by adding 20 to 90 mM NaCl for 60 minutes were lysed in cell-signaling buffer B from the kit. Total protein concentrations of these cell lysates were measured by a BCA protein assay. Each sample (10 g/25 L) was pipetted into a well of a 96-well plate and incubated with 25 L of beads coupled to JNK1-or p-JNK1-specific capture antibodies overnight. The beads were washed and mixed with biotinylated specific reporter antibodies for total JNK1 or p-JNK1, followed by streptavidin-phycoerythrin. The amount of total or p-JNK1 was then quantified (model 100 system; Luminex Corp., Austin, TX). Fifty events per bead were read, and the data output obtained from the software (Bio-Plex Manager; Luminex Corp.) were exported to statistical analysis software (Excel; Microsoft, Redmond, WA) for further analysis. The results are presented as the percentage of p-JNK1 to total JNK1.
RNA Isolation and Semiquantitative RT-PCR
Total RNA was isolated from corneal epithelial cultures with different treatment by acid guanidium thiocyanate-phenol-chloroform extraction, with a previously described method. 56 The PCR primers for gelatinase (MMP-9), collagenases (MMP-1 and -13), stromelysins (MMP-3), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were designed from published human gene sequences (Table 1) . Semiquantitative RT-PCR was performed to evaluate the expression of these MMP genes by corneal epithelial cells using the house-keeping gene GAPDH as an internal control. 40, 56 In brief, the first-strand cDNAs were synthesized from 1 g of total RNA at 42°C for 30 minutes. PCR amplification was performed (GeneAmp PCR System 9700; Applied Biosystems) using the following program: denaturation for 2 minutes at 95°C followed by 20 to 40 cycles of denaturation for 1 minute at 95°C, annealing for 1 minute at 60°C, and extension for 1 minute at 72°C and a last extension for 7 minutes at 72°C. Semiquantitative RT-PCR was established by terminating reactions at intervals of 20, 24, 28, 32, 36, and 40 cycles for each primer pair to ensure that the PCR products formed were within the linear portion of the amplification curve. The fidelity of the RT-PCR product was verified by comparing the size of the amplified products with the expected cDNA bands and by sequencing the PCR products. 
Statistical Analysis
Based on the normality of the data distribution, the Student's t-test or Mann-Whitney test were used for statistical comparison of assay results between groups.
RESULTS

Effect of Hyperosmolarity on Expression and Production of MMPs
Gelatin zymography (Fig. 1) clearly showed that the production and activity of the 92-kDa MMP-9 protein was stimulated in a concentration-dependent fashion in conditioned media from human corneal epithelial cells cultured in media of increasing osmolarity (ϳ370 -500 mOsM) by adding 30, 50, 70, or 90 mM NaCl to normally osmotic media (312 mOsM) for 24 hours. In contrast, production of 72-kDa MMP-2 was increased only slightly by hyperosmolar media. Although zymography showed clearly the protein's molecular size, enzymatic activity, and relative intensity of the MMP bands, ELISA was performed to determine quantitatively the concentration of the MMP proteins produced by these cells. The concentration of MMP-9 in conditioned media, measured by ELISA, confirmed this progressive stimulation, with MMP-9 levels significantly increasing from 6.28 Ϯ 1.82 (mean Ϯ SD) ng/mL in cells exposed to normal osmolarity (312 mOsM) to 12.06 Ϯ 2.49, 20.35 Ϯ 1.72, and 23.23 Ϯ 1.71 ng/mL (all P Ͻ 0.001, n ϭ 4) in cells exposed to media with increasing osmolarities of 400, 450, and 500 mOsM, respectively ( Fig. 2A) . Because casein gel zymography was not sensitive enough to detect MMP-3 and other stromelysin and collagenase zymography is not available, only ELISAs were performed to detect MMP-1, -13, and -3. The results showed that the concentrations of collagenase MMP-1 (Fig. 2B ) increased in a concentrationdependent manner from 12.02 Ϯ 1.02 ng/mL in control media (312 mOsM) to 21.53 Ϯ 1.28 (P Ͼ 0.05, n ϭ 4), 53.30 Ϯ 4.66 and 88.46 Ϯ 3.47 ng/mL (all P Ͻ 0.001, n ϭ 4), respectively, in conditioned media treated for 24 hours with hyperosmolar media of 400, 450, and 500 mOsM created by adding 50, 70, or 90 mM NaCl to control media. The levels of collagenase MMP-13 ( Fig. 2C) dramatically increased from 105.55 Ϯ 7.63 pg/mL in control media to 393.12 Ϯ 42.73, 984.31 Ϯ 55.36, and 521.51 Ϯ 77.7 pg/mL (all P Ͻ 0.001, n ϭ 4) in media of increasing osmolarity. The peak level of MMP-13 was reached in 450-mOsM media. The stromelysin MMP-3 concentration (Fig. 2D) increased from 13.72 Ϯ 2.64 ng/mL in the control group to 26.50 Ϯ 3.60, 50.21 Ϯ 11.85, and 74.30Ϯ 6.94 ng/mL (all P Ͻ 0.001, n ϭ 4) in hyperosmolar media of 400, 450, and 500 mOsM, respectively.
Effect of Hyperosmolarity on JNK Signaling Pathway
With phospho-specific antibodies, Western blot analysis revealed that phosphorylated JNK-1 (p-JNK-1) and JNK-2 (p-JNK-2) increased in corneal epithelial cells as early as 5 minutes, and reached peak levels 60 minutes after exposure to media of approximately 500 mOsM (Fig. 3A) . Levels of p-JNK-1 and -2 were stimulated in a concentration-dependent fashion when the cells were exposed to media of increasing osmolarity (400 -500 mOsM) by adding 50 to 90 mM NaCl for 60 minutes (Fig. 3C) . Specifically, the intensity of 54 kDa p-JNK-2 bands was greater than the 46 kDa p-JNK-1 bands in human corneal epithelial cells stimulated by hyperosmolar media. Phosphorylated 38-kDa c-Jun (p-c-Jun), a direct downstream transcription factor activated by p-JNK, was also increased in a concentration-dependent manner in the cells exposed to hyperosmolar medium (Fig. 3D) . In contrast, there was no change in the intensity of the total JNK bands in these samples when a JNK antibody was used that detects total JNK, including both the unphosphorylated and phosphorylated forms (Fig. 3B) . The cell-signaling assay further confirmed that the percentages of activated p-JNK1 to total JNK1 were increased by hyperosmolar media in a concentration-dependent manner from 370 to 500 mOsM by adding 30 to 90 mM NaCl to the normal medium (Fig. 3E) , although the increase by 370 mOsM was not significant (P Ͼ 0.05).
Effect of SB202190 and Doxycycline on JNK Activation and MMP Expression Induced by Hyperosmolarity
To confirm the hypothesis that hyperosmotic stress stimulates the production of MMPs by the corneal epithelial cells through the JNK pathway, a JNK pathway inhibitor, SB202190, and two clinical anti-inflammatory compounds, doxycycline and dexamethasone, were added individually to the culture media 40 minutes before NaCl was added. As shown in Figure 4B , Western blot displayed clearly that p-JNK-1, p-JNK-2, and p-c-Jun were markedly activated in the cells exposed to hyperosmolar media of 450 and 500 mOsM. The addition of 20 to 40 M of SB202190 almost abolished the stimulation of p-JNK-1 and -2 by hyperosmolarity (Figs. 4A, 4B ). The stimulated increase in p-c-Jun was also markedly inhibited by 20 M of SB202190 (Fig. 4B) . Compared with 20 M SB202130, 10 g/mL doxycycline showed similar inhibitory effects, whereas 1 M dexamethasone showed much less inhibition of p-JNK and p-c-Jun activation in corneal epithelial cells stimulated with hyperosmolar media with 90 mM NaCl added (Fig. 4B) . In contrast, a similar intensity of total JNK-1 and JNK-2 was detected in these samples by Western blot, using a JNK antibody that detects both unphosphorylated and phosphorylated JNK (Fig. 4B) .
Gelatin zymography showed that SB202190 and doxycycline, but not dexamethasone, blocked the stimulatory effects of hyperosmolarity on MMP-9 production by cultured corneal epithelial cells (Fig. 5) . Inhibitory effects on MMP-9 production were observed by ELISA (Fig. 6A) . MMP-9 concentration in the conditioned media was significantly increased from 7.43 Ϯ 1.54 ng/mL (mean Ϯ SD) in normal media at 312 mOsM to 22.85 Ϯ 4.64 ng/mL (P Ͻ 0.001, n ϭ 5) in hyperosmolar media. The stimulated MMP-9 concentrations were significantly decreased to 9.8 Ϯ 2.07 ng/mL (P Ͻ 0.001, n ϭ 5) by SB202190 and to 8.35 Ϯ 3.59 ng/mL (P Ͻ 0.001, n ϭ 5) by doxycycline; however, no inhibition was observed by dexamethasone (19.51 Ϯ 5.74 ng/mL, P ϭ 0.341, n ϭ 5). increasing osmolarity (370 -500 mOsM) . Subconfluent primary human corneal epithelial cultures were switched to serum-free media and then treated for 24 hours with media of increasing osmolarity (370 -500 mOsM) achieved by adding 30, 50, 70, or 90 mM NaCl to control media. The conditioned media were collected for gelatin zymography, which showed two major clear bands of 92 and 72 kDa, representing MMP-9 and -2, respectively.
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The concentrations of MMP-1 in the 24-hour conditioned media (Fig. 6B) were markedly increased from 21.40 Ϯ 5.41 ng/mL in normal media to 61.56 Ϯ 17.35 ng/mL (P Ͻ 0.001, n ϭ 5) in hyperosmolar media. These were significantly decreased to 32.79 Ϯ 18.50, 34,11 Ϯ 10.58, and 36.74 Ϯ 14.61 (all P Ͻ 0.05, n ϭ 5) ng/mL by SB202190, doxycycline, and dexamethasone, respectively. The concentrations of MMP-13 ( Fig. 6C) were dramatically increased from 179.82 Ϯ 75.54 pg/mL in normal media to 966.52 Ϯ 151.57 pg/mL (P Ͻ 0.001, n ϭ 5) in hyperosmolar media. A significant decrease to 255.20 Ϯ 72.17 (P Ͻ 0.001, n ϭ 5), 534.15 Ϯ 171.81 (P Ͻ FIGURE 2. Results of ELISAs for gelatinase MMP-9 (A), collagenase MMP-1 (B), collagenase MMP-13 (C), and stromelysin MMP-3 (D) in the conditioned media from cells exposed to hyperosmolar media (400 -500 mOsM) for 24 hours. Subconfluent primary human corneal epithelial cultures were switched to serum-free media and then treated for 24 hours with normal (312 mOsM) and hyperosmolar (400, 450, and 500 mOsM) media by adding increasing concentrations of NaCl (50, 70, or 90 mM). The supernatants of the conditioned media were collected for MMP ELISAs according to the manufacturer's protocols. *P Ͻ 0.001, n ϭ 4, compared with the control in normal-osmolarity media. 0.05, n ϭ 5), and 487.45 Ϯ 198.19 (P Ͻ 0.05, n ϭ 5) pg/mL was observed with SB202190, doxycycline, and dexamethasone treatment, respectively. The concentrations of MMP-3 ( Fig. 6D) were also markedly increased from 24.13 Ϯ 15.04 ng/mL in normal media to 77.61 Ϯ 21.86 ng/mL (P Ͻ 0.05, n ϭ 5) in hyperosmolar media. Significant inhibition to 47.47 Ϯ 11.76, 32.14 Ϯ 17.96, and 40.76 Ϯ 27.33 ng/mL (all P Ͻ 0.05, n ϭ 5) was observed with SB202190, doxycycline, and dexamethasone treatment, respectively. Semiquantitative RT-PCR (Fig. 7) showed that the expression of MMP-9, -1, -13, and -3 mRNA was stimulated in corneal epithelial cells exposed to hyperosmolar media with 90 mM NaCl added, and this stimulation was inhibited by SB202190 and doxycycline. Of note, dexamethasone had little inhibitory effect on MMP-9 expression, whereas it inhibited the expression of MMP-1, -13, and -3 mRNA stimulated by hyperosmolarity.
DISCUSSION
Stimulation of Gelatinase MMP-9, Collagenases MMP-1 and -13, and Stromelysin MMP-3 by Hyperosmolarity
MMPs have been implicated in the pathogenesis of a number of ocular surface diseases, including wound healing, dry eye, sterile corneal ulceration, recurrent epithelial erosion, corneal neovascularization, pterygium, and conjunctivochalasis. 28, 55, [57] [58] [59] [60] The regulation of MMP production in these diseases is not well understood. Increased levels of proinflammatory cytokines (IL-1 and TNF-␣) and MMPs (MMP-3 and -9) have been observed in tear fluid of patients with dry eye. 8, 43, 44, 61, 62 Stimulated production of gelatinase MMP-9, collagenases MMP-1 and -13, and stromelysins MMP-3 and -10 by IL-1␤ and TNF-␣ has been observed in cultured human corneal epithelial cells 40, 41, 43 and conjunctival fibroblasts. 63, 64 Elevated tear fluid osmolarity has been recognized as a common feature of dry eye for decades 65 ; however, the stimulatory effects of hyperosmolarity on MMP production by the corneal epithelium has not been evaluated. The present study demonstrates for the first time that hyperosmotic stress stimulates expression and production of gelatinase (MMP-9), collagenases (MMP-1 and -13), and stromelysin (MMP-3) by primary cultured human corneal epithelial cells. As the zymography and ELISA assays show in Figures 1 and 2 , the concentrations of MMP-9, -1, -13, and -3 increased significantly in a concentration-dependent manner in the conditioned media from corneal epithelial cells exposed to hyperosmolar media compared with control cells in normal osmolar media. This hyperosmolar stimulation of MMP production was also observed at the transcriptional level by semiquantitative RT-PCR (Fig. 7) .
Activation of JNK Signaling Pathway by Hyperosmolarity
MAPKs are important cell-signaling mediators that play vital roles in the cellular response to stress. The different MAPKs can be activated in response to specific stimuli and they also regulate specific substrates. The JNK and p38 MAPK cascades are strongly activated by cellular stresses, as well as by proinflammatory agents, such as endotoxin, IL-1, and TNF-␣. 66 -68 In contrast, ERK MAPK is strongly activated by growth factors such as PDGF, hepatocyte growth factor (HGF), epidermal growth factor (EGF), transforming growth factor (TGF)-␤, and other stimuli that mediate cell proliferation, differentiation, and survival. 53, 69, 70 Each MAPK pathway is activated by phosphorylation of threonine and tyrosine residues by upstream dual-specificity MAPK kinases (MKKs): ERK is activated by MKK1 and -2, p38 by MKK3 and -6, and JNK by MKK4 and -7. The mechanism of activation and the functional role of each MAPK cascade is dependent on cell types and the stimuli used. 71 It is well established that the phosphorylation of the transcription factor c-Jun by JNK is a key event in the cellular response to stress. 46, 72 The role of the JNK cascade pathway in response to hyperosmolarity is not well understood, although a few studies have reported activation of JNK by hyperosmotic stress in mammalian cells. 47 In this study, Western blot analysis was performed using antibodies specific for the phosphorylated active forms of JNK and c-Jun. The results (Fig. 3) showed that p-JNK-1 and p-JNK-2 were activated in human corneal epithelial cells exposed to hyperosmolar media (400 -500 mOsM). The cell-signaling assay (Beadlyte; Upstate Biotechnology) further confirmed that the percentages of activated p-JNK1 to total JNK1 were increased by hyperosmolar media in a concentration-dependent manner, from 370 to 500 mOsM. Of note, the 54-kDa p-JNK-2 is the major isoform activated by these conditions with weaker activation of 46-kDa p-JNK-1.
FIGURE 6.
ELISAs showed the inhibitory effects on hyperosmolaritystimulated production of gelatinase MMP-9 (A), collagenases MMP-1 (B), MMP-13 (C), and stromelysin MMP-3 (D) by SB202190, dexamethasone, and doxycycline. Subconfluent primary human corneal epithelial cultures were switched to serum-free media and then treated for 24 hours with hyperosmolar media (500 mOsM) by adding 90 mM NaCl, with or without 20 M SB202190 (SB), 1 M dexamethasone (Dex), or 10 g/mL doxycycline (Doxy). The supernatants of the conditioned media were collected for MMP ELISAs according to the manufacturer's protocol. When compared with hyperosmolar media with 90 mM NaCl added, *P Ͻ 0.05, **P Ͻ 0.001, n ϭ 5.
FIGURE 7.
Representative semiquantitative RT-PCR showing the mRNA expressions of gelatinase MMP-9, collagenases MMP-1 and -13, stromelysin MMP-3, and internal control GAPDH by human corneal epithelial cells treated for 6 hours in normal and hyperosmolar media (500 mOsM) by adding 90 mM NaCl, with or without 20 M SB202190 (SB), 1 M dexamethasone (Dex), or 10 g/mL doxycycline (Doxy). Total RNA was extracted from each group of cells, RT-PCR was performed using an equal amount (1 g) of total RNA, and analysis was performed at 4-cycle intervals from 20 to 40 PCR cycles to ensure that the PCR products with expected sizes for each MMP were formed within the linear portion of the amplification curve. The PCR cycles performed for MMP-9, -1, -13, and -3 and GAPDH were 32, 32, 40, 36, and 28, respectively. A 100-bp DNA ladder was run in parallel.
Further studies are necessary to evaluate whether p-JNK-2 is the primary activated isoform in corneal epithelial cells exposed to hyperosmotic stress. A direct downstream substrate of activated JNK, p-c-Jun, was also activated by hyperosmolarity. Evaluation of total JNK levels showed that hyperosmolar stress activated cellular JNK, but did not stimulate overall levels of JNK. This was confirmed by treatment with SB202190, a JNK pathway inhibitor that dramatically inhibited the hyperosmolarity-activated phosphorylation of JNK-1, JNK-2, and c-Jun (Fig. 4) .
Stimulation of MMPs by Hyperosmolarity through Activation of JNK Signaling Pathway
MAPK cascade signaling pathways are known to regulate production and activity of MMPs through activation of transcription factors such as NFB, AP-1, and ATF in different target cells. 52, 53, 73, 74 The JNK pathway was reported to be activated by inflammatory cytokines, such as IL-1␤ and TNF-␣, 52, 73, 74 which are also known to stimulate expression and activity of MMPs in a variety of cell types 37, 52, 73 ; but the link between hyperosmolar stress activation of JNK and stimulated production of MMPs has not been established, although JNK activation by hyperosmotic stress in mammalian cells was observed 10 years ago. 47 To establish this connection, the effects of the JNK pathway inhibitor SB202190 and the anti-inflammatory agents doxycycline and dexamethasone were evaluated on JNK activation and MMP production by corneal epithelial cells exposed to hyperosmolar media. SB202190, a chemical originally used as p38 MAPK pathway inhibitor, has also been recognized as an inhibitor of JNK activation. [75] [76] [77] We observed that phosphorylation of JNK was dose-dependently inhibited by SB202190 in a concentration range of 20 to 40 M in corneal epithelial cultures exposed to 500 mOsM media (Fig. 4A) . Thus, 20 M of SB202190 was used for all subsequent inhibition experiments in this study. SB202190 almost abolished the hyperosmolarity-activated p-JNK and p-c-Jun (Fig. 4) , and it also dramatically inhibited the expression and production of MMP-9, -1, -13, and -3 by the cells exposed to hyperosmolar media as shown by semiquantitative RT-PCR (Fig. 7) , gelatin zymography (Fig. 5) , and ELISA (Fig. 6) .
Doxycycline, an anti-inflammatory medication used to treat ocular surface diseases, has been reported to inhibit expression and production of MMP-9, -1, -13, -3, and -10 induced by IL-1␤ and TNF-␣ in human corneal epithelial cells. 40, 41, 43 In the current study, doxycycline exhibited inhibitory effects similar to SB202190 on hyperosmolarity-activated p-JNK and p-c-Jun. Doxycycline also significantly inhibited expression and production of MMP-9, -1, -13, and -3 by corneal epithelial cells exposed to hyperosmolar media (Figs. 4, 5, 6, 7) . This finding suggests that the mechanism of MMP inhibition by doxycycline is the blocking of the activation of the JNK signaling pathway.
Unlike doxycycline, dexamethasone showed little effect on activation of p-JNK and p-c-Jun (Fig. 4) , as well as on stimulation of gelatinase MMP-9 expression and production induced by hyperosmolarity in these corneal epithelial cells (Figs. 5, 6,  7) . Dexamethasone inhibited the stimulated expression and production of collagenases (MMP-1 and -13) and stromelysin (MMP-3) by the cells treated with hyperosmolar media (Figs. 6,  7 ). This suggests that dexamethasone, a steroid hormone, may regulate collagenases and stromelysins through different signaling pathways than JNK.
In the present study, most of the experiments were conducted at 400 to 500 mOsM, because lower osmolar media (340 -370 mOsM) did not significantly stimulate MMP production by cultured corneal epithelial cells. This could be due to the sensitivity of zymography and ELISA we used or to the greater resistance of cultured corneal epithelial cells to hyperosmolar stress than in vivo. Using a highly sensitive immunoassay (Beadlyte; Upstate Biotechnology), we were able to detect activation of JNK1 by a media with osmolarity of 370 mOsM. We have observed that human corneal epithelial cells grow very well in a wide range of medium osmolarity, ranging from 312 mOsM SHEM without HEPES to 340 mOsM SHEM with HEPES. Gilbard et al. 16 have reported that normal subjects have a tear osmolarity of 302 Ϯ 6 (mean Ϯ SD) mOsM, whereas dry eye patients have an osmolarity of 343 Ϯ 32 mOsM (range, 306 -441) mOsM. Our findings in this study were obtained at osmolarities of at least 370 to 400 mOsM, which is at the high end of the range of tear osmolarity in patients and far above the average tear osmolarity in KCS. Although the phenomenon of hyperosmolarity-induced MMPs and -activated intracellular stress pathways is true, further studies are necessary to establish a direct linkage between elevated osmolarity of tear fluid and ocular surface inflammation in patients with dry eye with KCS.
In conclusion, our findings provide direct evidence for the first time that hyperosmolarity stimulates expression and production of gelatinase (MMP-9), collagenases (MMP-1 and -13), and stromelysin (MMP-3) through activation of the JNK signaling pathway in human corneal epithelial cells. The efficacy of doxycycline in treating ocular surface diseases may be due to its ability to suppress JNK activation and MMP production by the corneal epithelium.
